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Abstract

Phaseolus species are globally important food security crops. Drought and low soil
fertility are primary constraints to Phaseolus production in developing nations. Root
phenes have important roles in soil resource capture and plant performance. We pro-
filed root phenotypes in 30 wild and seven domesticated Phaseolus taxa in laboratory
and greenhouse environments. Our results reveal that substantial variation for root
phenotypes exists among and within Phaseolus taxa, notably for phenes such as basal
root number, basal root whorl number, root hair length, root hair density, metaxylem
vessel number, and total cross-sectional area. Wild taxa display greater genetic vari-
ation for root architecture and anatomy and possess desirable phenotypes that are
either not found or are not sufficiently expressed in domesticated accessions. Conse-
quently, wild taxa represent an important resource for breeding programs to improve
abiotic stress tolerance. Root phenotypes were also associated with the environment
in the region of origin, suggesting that they have adaptive value. We speculate that
significant variation in root phenotypes across different Phaseolus species is related
to their abiotic stress tolerance and are valuable for breeding programs focused on

improving edaphic stress tolerance.

runner bean (P. coccineus L.), lima bean (P. lunatus L.), and
year bean (P. dumosus) also have agricultural significance

Phaseolus is an American genus of approximately 80 species,
mainly distributed in the tropics and subtropics (Porch
et al., 2013). Phaseolus vulgaris L., or common bean, is an
important source of protein and nutrients in many develop-
ing countries (Pachico, 1989). Of the 80 different species,
P. vulgaris is considered the most important as a food secu-
rity crop, although tepary bean (P. acutifolius A. Gray), scarlet

Abbreviations: LDA, linear discriminant analysis; TCSA, total
cross-sectional area.

(Debouck, 1999). The wide distribution and adaptation of
beans to different environments contribute to the dramatic
phenotypic variability that exists within the Phaseolus genus.

This diversity in wild Phaseolus germplasm can serve
as a valuable resource for breeding programs to improve
the environmental stress tolerance of domesticated varieties
(Debouck, 1999; Nabhan et al., 1986), where wild acces-
sions may possess valuable phenes that are not expressed
in domesticated materials (Porch et al., 2013; Rao et al.,
2013). For example, wild species such as P. angustissimus,
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P. acutifolius, and P. filiformis are adapted to the arid
and semiarid environments of the southwestern United
States and northwestern Mexico, and exhibit relatively high
levels of tolerance to drought, salinity, and heat stress
(Balasubramanian et al., 2004; Bayuelo-Jiménez et al., 2002;
Beebe et al., 2013). Tepary bean (Phaseolus acutifolius)
accessions have been used in breeding programs as a source
of drought and heat tolerance (Rao et al., 2013), as well
as for resistance to common bacterial blight, leafhoppers,
and bruchids (Singh et al., 1998). Similarly, wild Phaseolus
vulgaris accessions with tolerance to low soil fertility and
adaptation to higher latitudes have been introgressed with cul-
tivated lines with agronomically desirable seed size, color,
and growth habit (Acevedo et al., 2006; Acosta-Gallegos
et al., 2007; Blair et al., 2006, 2016; Cortés et al., 2013;
De Ron, 2015; Kipe-Nolt et al., 1992; Kornegay & Cardona,
1991; Kornegay et al., 1993; Rodriguez et al., 2016; Shellie-
Dessert & Bliss, 1991; Singh, 2001). Even where there are
limitations in prebreeding efforts to introgress wild material
with cultivars, the identification of phenes that confer toler-
ance to abiotic stress in this exotic material can still serve as a
model for recombining traits in more elite germplasm. Despite
this success in utilizing diversity from wild germplasm in
breeding programs, further characterization and understand-
ing of phenotypes that drive abiotic and biotic stress tolerance
in wild Phaseolus taxa is crucial.

Common bean production throughout much of the world
is characteristic of smallholder producers, often on marginal
soils with limited use of inputs. Consequently, biotic and
abiotic stresses represent major constraints to both subsis-
tence and commercial production (Miklas et al., 2006). Most
prominently, soil fertility and drought are primary limita-
tions to the productivity of these agroecosystems. Given
the root system is directly responsible for the acquisition of
soil resources, understanding adaptive strategies for the cap-
ture of soil resources is essential to improving abiotic stress
tolerance. The divergence in spatiotemporal availability of
multiple soil resources makes the optimization of root growth
for plant fitness dependent upon the predominant edaphic
stress in each environment. For example, in drought prone
environments where the soil dries from the top down through
evaporation and water uptake by crops, the greater availabil-
ity of water in deeper horizons necessitates a strategy of deep
foraging by the root system (Lynch, 2013). Contrastingly,
environments with nutrient poor volcanic soils (Andosols),
or weathered mineral soils (Oxisols, Utisols, some Alfisols)
require foraging strategies that exploit the topsoil where the
availability of immobile resources like phosphorus are most
abundant (Lynch, 2019).

Architecture is one organizational scale of the root sys-
tem that can determine the effectiveness of soil foraging in a
given environment by modifying the placement of roots in soil
domains where growth limiting resources are most available.

Core Ideas

* Significant variation in root architecture and
anatomy exists among wild and domesticated bean
taxa.

* Taxa from different geographic origins have dis-
tinct root phenotypes.

* Wild taxa express novel diversity for root phe-
notypes and may serve as genetic resources for
breeding programs.

In Phaseolus species, root architectural phenes that affect
soil foraging depth include basal root growth angle (Bonser
et al., 1996; Fenta et al., 2014; Liao et al., 2001; Liao et al.,
2004; Miguel et al., 2015; Rangarajan et al., 2018; Rubio
et al., 2003; Ge et al., 2000), basal root whorl number (Basu
et al., 2007; Miguel et al., 2013; Rangarajan et al., 2018),
adventitious root number (Miller et al., 2003; Ochoa et al.,
2006; Rangarajan et al., 2018; Walk et al., 2006), and lateral
root branching density (Rangarajan et al., 2018). In common
bean, greater basal root whorl number (Miguel et al., 2013),
shallower basal root growth angles (Miguel et al., 2015),
and production of adventitious roots (Miller et al., 2003) are
associated with greater shallow root length distribution and
subsequently greater topsoil foraging, which is important in
phosphorus-limited environments (Lynch & Brown, 2001).
Contrastingly, deeper basal root growth angle and less allo-
cation to root classes foraging the epipedon can improve the
capture of mobile, deeply distributed resources like water and
nitrate (Strock et al., 2021).

Although root architecture affects the placement of roots
in the soil, root anatomy regulates the metabolic cost of soil
exploration, the penetration of hard soil domains, the axial
and radial transport of water, and interactions with soil biota
including mycorrhizal fungi, pathogens, insects, and the rhi-
zosphere microbiome (Lynch et al., 2021). Anatomical phenes
that reduce the metabolic cost of soil exploration can serve to
enhance the capture of both mobile and immobile nutrients
(Lynch, 2018). For example, under low phosphorus avail-
ability, secondary growth of roots is suppressed, affording
greater allocation of resources to total root length rather than
radial thickening, thereby facilitating greater exploration of
soil domains where resources are more abundant (Strock et al.,
2018). Root hairs are subcellular outgrowths of epidermal
cells and are another anatomical phene that expand the vol-
ume of soil foraged in the rhizosphere. Root hairs have been
shown in modeling and empirical studies to benefit the cap-
ture of immobile nutrients like phosphorus (Bates & Lynch,
2000a; Gahoonia & Nielsen, 1998; Miguel et al., 2015) as
well as mobile resources like water (Carminati et al., 2017),
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and nitrogen (Saengwilai et al., 2021), while incurring little
metabolic cost (Bates & Lynch, 2000b). Xylem vessels are
another anatomical feature that are responsible for the bulk of
axial transport of water and nutrients through the root system.
Variation in the diameter and number of xylem vessels affects
root hydraulic conductivity and has been shown to influence
water use and plant productivity under drought stress (Klein
et al., 2020; Lynch, 2018; Lynch et al., 2014; Purushothaman
et al., 2013; Strock et al., 2021).

Presently, classification of Phaseolus taxa is entirely based
on morphological, physiological, agronomic, and molecular
characteristics of the aboveground tissue (Singh et al., 1991).
Nevertheless, Phaseolus species may also exhibit distinct fea-
tures in roots at the architectural or anatomical scales that
afford some specific ecological adaptation across the geo-
graphic distribution of this genus. In the present study, our
goals were to test the hypotheses that (a) significant varia-
tion in root phenotypes exists among Phaseolus taxa, (b) the
geographic origin of these species has a significant effect on
soil foraging strategies, and (c) soil foraging strategies differ
between domesticated and wild Phaseolus taxa.

2 | MATERIAL AND METHODS

2.1 | Plant material

Fifty-two entries representing 30 Phaseolus species (P. acu-
tifolius, P. angustissimus, P. augusti, P. carterae, P. costari-
censis, P. debouckii, P. dumosus, P. filiformis, P. glabellus,
P. grayanus, P. hintonii, P. leptostachyus, P. lunatus, P.
maculatus, P. macvaughii, P. magnilobatus, P. marechalii,
P. micranthus, P. microcarpus, P. montanus, P. novoleo-
nensis, P. oligospermus, P. pachyrrhizoides, P. pedicellatus,
P. rotundatus, P. talamancensis, P. tuerckheimii, P. vulgaris,
P. xanthotrichus, and P. zimapanensis) and seven entries
representing domesticated genotypes of five species (P. acu-
tifolius, P. coccineus, P. dumosus, P. lunatus, and P. vulgaris)
were obtained from the International Center for Tropical Agri-
culture (CIAT), Cali, Colombia (Supplemental Table S1).
The Phaseolus taxa were selected based on their geograph-
ical distribution and ecological adaptation, and are endemic
to regions throughout Mexico, Peru, Bolivia, Argentina,
Guatemala, Colombia, the United States, and Costa Rica.

2.2 | Laboratory phenotyping

Seeds were surface-sterilized for 1-2 min with 0.5% (v/v)
NaOCl in water, rinsed with deionized water, mechanically
scarified with sandpaper and germinated in rolls of brown
germination paper (Number 78, Anchor Paper Company).
Five seeds of each accession were rolled up in each sheet
of germination paper representing a single replicate. The

cropscience JEB

rolls were placed upright in 2-L beakers containing 0.5 L of
0.5 mM CaSO,. The beakers were filled with 10 rolls and
wrapped with cellophane punctured with small holes to main-
tain humidity and provide aeration. The beakers were placed
in growth chambers for seed germination for 5 to 6 d in dark-
ness at 28 “C. The seedlings were the transferred to a growth
chamber for 14 d at 30 °C and 16 h of light (Philips 272427
F30T12/CW/RS T12 Fluorescent Lamp, 130 pmol m=2 s~1).
After 14 d, roots were carefully removed from the germina-
tion paper and three representative seedlings were evaluated
from each replication. The number of basal roots and basal
root whorls were counted, and roots were then stored in 75%
ethanol (v/v) for subsequent analysis of root hairs.

2.3 | Greenhouse phenotyping

The greenhouse experiment was conducted under controlled
conditions at the Pennsylvania State University, University
Park, PA, USA (40° 85" N, 77° 82’ W), from March to
May 2013. Seven domesticated and 45 wild taxa (Table S1)
were planted in the greenhouse. Seeds were germinated
as described above. Seedlings were transplanted into 6.5-L
containers (bottom diameter 17 cm, top diameter 20.5 cm,
depth 21.5 cm), with media comprised of 40% sand, 40%
vermiculite, and 20% perlite. Genotypes were planted in
a completely randomized design with four replications per
accession. Nutrient solution was supplied to pots through
the irrigation system, consisting of 1.5 mM KNO;, 1 mM
Ca (NO3),, 0.25 mM MgSO,, 0.0625 mM (NH4),SO,,
0.375 mM NH,H,PO,, 50 pM KCl, 25 pM H;3BO;,
2 pM MnSO,, 2 pM ZnSO,, 0.5 pM CuSO,4, 0.5 pM
(NH4)¢Mo,0,,, and 50 uM Fe-NaEDTA. The pH of the nutri-
ent solution was adjusted every other day to 5.5 to 6.0 with
KOH and HCIL.

Destructive sampling was conducted at 6 to 7 wk after
planting. Data collected in the greenhouse experiment
included number of adventitious roots, basal root branch-
ing, basal root length, basal root growth angle, shoot dry
weight, basal root whorl number, basal root number, and tap-
root length. The number of adventitious roots, basal roots,
and basal root whorls were determined by counting. Dry
weights were determined from tissues dried at 60 °C for 72 h.
Root lengths and branching were determined by imaging the
washed root system on an EPSON Perfection V700 PHOTO
scanner and quantifying the scanned images using WinRhizo
software (WinRhizo Pro, Régent Instruments). Roots were
then stored in 75% ethanol (v/v) for subsequent analysis of
root anatomy and root hairs.

2.4 | Root hair quantification
Root hair length (mm) and root hair density (number of root
hairs per mm? of root surface area) were determined in basal
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root segments sampled from behind the root tip in the zone of
root hair maturation. Representative basal root segments were
briefly stained with Toluidine Blue O (0.05% w/v in water) for
better visualization with a light microscope (Nikon SMZ-4).
Images of root hairs were captured with a Nikon DS-Fil
camera at 40x magnification using NIS-Elements F2.30 soft-
ware. An image of a Hemocytometer (Hausser Scientific) was
taken along with the root hair image for scale. ImageJ (http://
rsbweb.nih.gov/ij/download.html) was used to measure root
hair length and density in images from five representative root
segments per replication.

2.5 | Root anatomical phenotyping

For analysis of root anatomy, two, 2-cm-long root segments
from the greenhouse trial were excised from basal roots
behind the root tip in the zone of root hair maturation.
The samples were gradually dehydrated in ethanol series
(75, 85, 90, and 100% ethanol, v/v), then preserved by crit-
ical point drying (Leica EM CPD300). Dried root segments
were sectioned using laser ablation tomography to obtain
images for anatomical analysis (as described in Hall et al.,
2019; Strock et al., 2019a). Anatomical features including
total cross-sectional area, xylem area, and xylem number
were measured from these images of root cross sections
using MIPAR software (MIPAR.beta.8). Theoretical axial
metaxylem conductance (k;,; kg m MPa~! s~1) was calculated
for each root cross-sectional from measurements of xylem
vessels using the modified Hagen Poiseuille law (Equation 1),
where d is the diameter of the vessel in meters, p is the fluid
density (equal to water at 20 °C; 1,000 kg m~?), and £ is the
viscosity of the fluid (equal to water at 20 °C; 1x10~° MPs
s~!; Tyree & Ewers, 1991).

TP “

i=1

where k;, is the theoretical axial metaxylem conductance.

2.6 | Data collection and analysis
All statistical analyses were performed using R 3.6.2
(R Core Team, 2016). Prior to all statistical tests, normal-
ity and homoscedasticity of the data were determined using
the Shapiro—Wilk test and the nonconstant error variance test,
respectively. Where data did not meet these assumptions, a
Box—Cox or log transformation was used to help normalize
the data. Significant correlations and differences for all data
analyses were considered at a < .05.

Allometric analysis was performed according to Niklas
(1994) to provide insight into the differential growth rates

of shoot biomass vs. root phenes. The slope of the regres-
sion line of the log transformed shoot biomass with log
transformed root phenes signifies the scaling coefficient
(o). Isometry is recognized according to the scaling expo-
nent (0.33 for linear dimension phenes and 0.67 for area
phenes). Scaling exponents near these values indicate iso-
metric or proportionate growth of that phene with respect to
biomass.

Pearson’s correlation analysis was used to determine the
relationships among root phenes (tradeoffs and allometry).
Principal component analysis was used in the identification
of phenes that help to distinguish origins. Unsupervised clus-
ter analysis (K-means) was used to determine if origins have
unique aggregates of root phenes. Linear discriminant analy-
sis was used to determine if taxa from the driest environments
and taxa from the wettest environments could be differentiated
based on root phenotypes. Analysis of variance and Tukey’s
honest significant difference (HSD) was used for compari-
son of root phenes across clusters, rainfall groups and latitude
bins.

2.6.1 | Principal component and
unsupervised cluster analyses

Principal component analysis was conducted using adven-
titious root number, adventitious root length, adventitious
branching, basal root number, basal branching basal root
length, basal root growth angle, primary root length, pri-
mary branching, primary root diameter (diameter), root hair
density, root hair length, xylem vessel area, xylem vessel num-
ber, hydraulic conductance, and root total cross sectional area
(TCSA).

To determine if accessions from different geographic ori-
gins have unique aggregates of root phenotypes, K-means
cluster analysis was performed across all accessions using the
genotypic means of each root phene. Root phenes used in this
analysis included adventitious root number, adventitious root
length, adventitious branching, basal root number, basal root
branching, basal root length, primary root length, primary root
branching, basal root growth angle, taproot diameter, root hair
density, root hair length, xylem vessel area, xylem vessel num-
ber, hydraulic conductance, and root TCSA. Within group
sum of squares was used to determine the optimal number
of cluster assignments across all the accessions. Pearson’s y2
test of independence was then used to explore the distribution
of accessions from each geographic origin across the clus-
ters (Narg = 1, NpoL =2, Neor, = 1, Negp = 6, Ngry = 6,
Numex =29, Npgr = 3, Nyga = 4). Comparisons of root phe-
notypes for accessions assigned to each cluster were made
using analysis of variance (ANOVA) and Tukey’s honestly
significant difference (HSD) test.
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2.7 | Linear discriminant analysis

To further understand if taxa from different environments
could be differentiated by root phenotypes, linear discrimi-
nant analysis was performed on groups of taxa from similar
latitudes or annual rainfall. Taxa were binned by the annual
rainfall of their location of origin into five groups: 0 to
499 mm (ng 499 = 11 taxa), 500 to 999 mm (nsgg 999 = 20
taxa), 1,000 to 1,499 mm (ny og01499 = 8 taxa), 1,500 to
1,999 mm (ny 501,999 = 7 taxa), and 2000+ mm (n, g9+ = 5
taxa). Taxa were also binned by latitude into six groups: 24°S
to 5°S (nyy g = 6 taxa), 5°N to 10°N (ns oy = 7 taxa),
14°N to 17°N (n4.17n = 9 taxa), 18°N to 20°N (n;g ooy = 10
taxa), 21°N to 25°N (n,;.,5y = 14 taxa), and 30°N to 33°N
(n30.333 = 5 taxa). Root phenes used in this analysis included
adventitious root number, adventitious root length, adven-
titious branching, basal root number, basal root branching,
basal root length, primary root length, primary root branching,
basal root growth angle, taproot diameter, root hair density,
root hair length, xylem vessel area, xylem vessel number,
hydraulic conductance, and root TCSA.

3 | RESULTS

3.1 | Wild and domesticated groups vary in
architectural and anatomical phenes

Wild and domesticated groups varied in anatomical and archi-
tectural phene states. In this context we highlight four species
represented by both wild and domesticated taxa: P. acutifolius,
P. dumosus, P. lunatus, and P. vulgaris. Domesticated types of
P. vulgaris, P. acutifolius, and P. dumosus had greater num-
bers of basal roots and basal root whorls when compared with
wild types (Figure 1a, c).

Among all 52 entries, domesticated taxa had significantly
greater basal root number and basal root whorl number than
wild taxa (Figure 1b, d). Root hair length and density showed
substantial variation among taxa but not between domesti-
cated and wild groups (Figure 2). P. coccineus showed the
greatest root hair length among the domesticated taxa, and
P. filiformis and P. tuerckheimii had the greatest root hair
length among wild taxa (Figure 2a). Domesticated P. acu-
tifolius exhibited the greatest root hair density among all
domesticated taxa (Figure 2c).

The number of metaxylem vessels displayed large varia-
tion among species and between domesticated and wild types,
ranging from four to >140 vessels per cross-sectional area
in the basal root (Figure 3). Domesticated P. acutifolius dis-
played the greatest metaxylem vessel number and metaxylem
vessel area among all taxa (Figure 3a, c). Wild P. montanus
and P. costaricensis had the greatest metaxylem vessel area
and number compared with other taxa (Figure 3a, c). Domesti-

TABLE 1
density, and root hair length of all measured taxa in the greenhouse

Basal root number, basal root whorl number, root hair

(root age 7 wk) and roll-ups (root age 14 d). Data shown are means +
standard error (SE). Means are the average of four replications and
means with the same letters are not significantly different (p < .05) as

determined by a Spearman Rank correlation () test performed within

each phene
Spearman rank
Phenes Location Mean SE correlation (r)
Basal root Roll-ups 5.2a 0.44  7EEE
number

Greenhouse 5.3a 0.64
Basal root whorl Roll-ups 1.5a 0.1 BFEE
number Greenhouse 1.7a 0.2
Root hair density Roll-ups 341.6a 47.1 2%
Greenhouse  250.6b 32.3
Root hair length  Roll-ups 1.4a 0.1 A7*
Greenhouse 0.53b  0.04

level.

cated taxa had a larger metaxylem vessel area and metaxylem
vessel number compared with wild taxa (Figure 3b, d).

Total cross-sectional area of basal roots had large varia-
tion among all the taxa with a range of 0.2 to 3.7 mm?. Wild
P. costaricensis had the greatest TCSA (3.7 mm?) and wild
P. magnilobatus had the smallest TCSA (0.2 mm?; Figure 4a).
For the four taxa with both wild and domesticated accessions,
wild P. dumosus, P. lunatus and P. vulgaris had greater cross-
sectional area than domesticated accessions of these species
(Figure 4a). Across all taxa, domesticated taxa had signifi-
cantly greater TCSA compared with wild taxa (Figure 4b).
Total axial hydraulic conductance ranged 800-fold among
taxa (Figure 4c). Wild P. acutifolius (1.0x10~7 kg m MPa~!
s~!) and P. vulgaris (8.9x1078 kg m Mpa~! s!), had the
greatest hydraulic conductance among the wild taxa. P. luna-
tus showed the greatest conductance among the domesticated
taxa (Figure 4c). Across all taxa, wild taxa had less hydraulic
conductance compared with domesticated taxa (Figure 4d).

3.2 | There are differences in root
phenotypes measured in greenhouse and
roll-up environments

Growth environments affected phenotypic values. Root hair
length was 158% greater in roll-ups than in the greenhouse
(Table 1). Root hair density was 137% greater in the roll-ups
than in the greenhouse (Table 1). Spearman correlation coef-
ficients between greenhouse and roll-ups were low for root
hair density and root hair length (r = .20 and r = .17) but
were stronger between greenhouse and roll-up experiments

85U8017 SUOWILLIOD aA1Te.D) 3ol dde au Aq peuieob 8 Sapoie YO ‘8sh JO 3| 10} Aelqi8UlUO AB]IM UO (SUORIPUOD-PUR-SWRALO" A3 |IM"AeIq U1 [UO//SdNL) SUORIPUOD pUe SWie L 8ur 89S *[2202/TT/zz] uo Ariqiauliuo A8|im ‘(ouleAnde ) aqnopesy Aq 8£802'2959/200T 0T/I0p/LI00" A8 | IM A eq U [U0'SSesde//SdL WOy pepeoumoqd '9 ‘2202 ‘SS90SERT



MASSAS ET AL.

-

(a) . domesticated . wild (b)
&
210 A
£
z 10
=
3
X 5
F
o 5 B
o
%] »._ D = B .— D LDy iz
%) wS- 8= — » =0 2 ¢ » L
238¢3ea8oEgs2E 2655 2as¢eeggsecae
G 200355858583 G5E558-08T8gDS 0
L oL 222835 EO0SgEOCERBECcCONTTOLEE ¢ ° e}
EEESES02SE 28202038000 EcaclCcEXXES o} =
S 52208 RSO =EOSR e CaES55006030cLSg0 R =
2 S8 " SCSO0E5EC2a80CEd0c 29009 Sca © <
S a8 ga, 8o, e S EEPEEEERSFRBERET g
. 5 . . : - 3= Qo < b7}
@ Tag SaTHR On Eay Se258 taw TR g
. a . a o ,Q_-Q_D- “,u.n_-. £
o o al . o o S
o
(c) (d)
5 4
£ A
€3
3
z 3
=
]
= 2 5
°
‘.21
© 1
©
om0
2] (I D opyi= D .= » D w9y D= 0 ®
QDYWL= 0ETLOR=38ESEY [ ] 2 3G
R R ) = 33 » S50 »
23258EC8E8ES 2522088 C28ESERE558 | 3 g
- D528 5006 £9CsS ® Oc OB g NFTTOLE C 9 =
= L :
EESQL St L >ETITO0O0TOCEGSGAaERCEXXEF S <
35230 o8 g8 =ECPcE8oEs5008aELSgs08 S
880,830 5505 SEEgEgoEg558BERES z
. . 92% 0 o0 g Q T .22 =& 3 3
o oo . - S E =g . 8S=2gct
o og oL Qo Eagy "R0F aE XN =
S« T2 & oo Sag S
o o o o o (s

FIGURE 1

Genetic variation of basal root number (a, b) and basal root whorl number (c, d) of Phaseolus species and comparison between

wild (n = 30) and domesticated (n = 5) taxa (b, d) in the greenhouse. Data shown are means + standard error. Means are the average of four

replications and means with the same letters are not significantly different (p < .05)

for basal root number and basal root whorl number (r = .70
and .80).

3.3 | Anatomical and architectural root
phenes have allometric relationships to biomass

Most root phenes in wild taxa exhibited allometric rela-
tionships with shoot biomass and had larger scaling
exponent values than the expected isometric values (Table 2;
Supplemental Figure S1). Therefore, as shoot biomass
increased, the proportional increase of these phenes would
be greater than predicted with isometric growth (Table 2;
Supplemental Figure S1). Total cross-sectional area and
metaxylem vessel area, with scaling coefficients a > .67, are
positively allometric with shoot biomass, meaning the phene
values increase faster than shoot biomass. In wild species,
root hair density, and basal root growth angle scaled isomet-
rically with biomass (Table 2). In domesticated species, basal
root branching, basal root length, taproot branching, taproot
diameter, and hydraulic conductance scaled isometrically
with biomass (Table 2). Wild P. dumosus had the greatest

mean shoot dry biomass (31.8 g), followed by domesticated
P. coccineus and wild P. lunatus. Within P. vulgaris, the
domesticated taxa had greater shoot dry biomass than wild
taxa (Supplemental Table S3). In Mesoamerican P. vulgaris,
the domesticated types had greater shoot dry biomass than
wild taxa (Supplemental Table S3).

3.4 | Relationships exist between root
phenotypes and environmental factors

Significant correlations were detected between root pheno-
types and the annual rainfall and latitude of the location of
origin for these taxa (Table 3).

3.5 | Taxa from similar origins have unique
aggregates of root phenes

Principal component analysis was used to identify root phenes
that distinguish taxa. The first two principal components
accounted for 53.3% of the variability in the data set and

25UBD117 SUOLULLIOD) AITRBID) B[l dite BU) Ag peLioA0B 312 SAOIL YO ‘2SN JO'S3INJ J0) ARG 1T BUIIUO AB|IA IO (SUOIPLOD-PUR-SLLLIBYLIO" 3] 1M ASRIqijou 1 |Uo//SAil) SUORIPUOD PUB SULR L 8L 885 [2202/TT/22] Uo A1 aulluo A8]1M “(‘aul eANGe 1) aanopesy Ad 8880Z'Z0S9/200T OT/I0P/AL0D™/3 |1 AJRJq 1oul U0 'Ssesdey/'sdl Woaj papeo|umod ‘9 ‘2202 ‘€S90GET



MASSAS ET AL.

cropscience NS

(a) . domesticated . wild (b)
E075
g0
E
<
3 0.75
< 0.50
o
< A
=
© 0.50
T 0.25
-
3
(4 0.25
0
%} 0. W i sme D DpLOL L= ®
DDAV GFT VRN =3RE3I=E8505390898 535
22 3C3EBS2EE22E 22583202 2E8E=22EE2
oGS5 300350525858GE550c088gT S o
EESO583c 28853 ER380853E5288888E5 3 3
3523008 g o= Cc R0 CER2000ER23®0 = =
88,,830° 8895, SESSEESEQSSRBEGES 8 =
oD 8 g PR ECSEE 3O EE G S5E =
Qo o € oo O op - EQ, 02888 AT RN 8
5 g fogton FEe0gaE XN 4]
o Qo e 2 g e 5
o
(€)= (d)
£
£ 500
4
T 500
£
= 400
F
2 A
5
a 300
]
]
T 200
=
°
<]
© 100
[%] . O o, Bves Dy 208w pLP=00
220083035 288=238E3285%02383380E30
Z3258ECS 28 e 22 208 0 ESERES5. o
CECSgB3EC 2588380858258 8882555 3 o
35230488 go=" CHPRBOTTEL0ODOELS®O o Q =
88,88, °38"o0, SESoE25ECcS538ERES 3 2
9D S ag  CESESSEE SO ESSKE £
o - oo Emn-En_n: 'D.gogu_.n_“g&_xﬁ *aw:
f : . . o aa -
o e o o al 2 oo E
o

FIGURE 2

Genetic variation of root hair length (a, b) and root hair density (c, d) of Phaseolus species and comparison between wild (n = 30)

and domesticated (n = 5) taxa (b, d) in the greenhouse. Data shown are means + standard error. Means are the average of four replications and means

with the same letters are not significantly different (p < .05)

were primarily influenced by branching density of all root
classes and root anatomical phenotypes (Figure 5, Table 4).
Principal component 1 (PC1) was most heavily influenced
by branching of the basal and primary roots, whereas PC2
was loaded with xylem vessel attributes and root thickness
(TCSA,; Table 4). Distinct aggregation of taxa from differ-
ent origins was observed when plotted across the first two
principal components (Figure 5).

To gain further perspective on how taxa from different
regions have unique aggregates of root phenes, unsupervised
cluster analysis of root phenotypes was performed across all
taxa (Figure 6). Analysis of within group sum of squares
indicated that three clusters were optimal for unsupervised
k-means cluster analysis. Pearson’s ¥ test of independence
showed that taxa from different origins were asymmetri-
cally represented across these three clusters (y> = 24.484,
p = .04), suggesting that origins have distinct integrated root
phenotypes (Figure 6). Cluster 1 was dominated by taxa of
Argentinian, Colombian, Costa Rican, and Guatemalan ori-
gin, taxa from Bolivia and the United States were mostly
aggregated in Cluster 2, whereas Peruvian taxa were mostly
associated with Cluster 3. Taxa from Mexico were evenly
represented across all three clusters. Analysis of variance

and Tukey HSD (Figure 6) applied to data generated in the
greenhouse indicated that Cluster 1 had root systems with
short but dense root hairs, and a thick taproot with high
conductance in comparison to Cluster 2. The cluster dom-
inated by taxa from Bolivia and the United States (Cluster
2) had especially short and sparse root hairs and a root
anatomy with xylem features producing a very low hydraulic
conductance. Conversely, Cluster 3 that included Peruvian
taxa had long root hairs and large hydraulic conductance
capacity.

3.6 | Taxa from the driest environments and
wettest environments can be differentiated
based on root phenotypes

A linear discriminant analysis (LDA) model built using the
taxa from areas with the greatest annual rainfall (2,000+ mm)
and areas with the least annual rainfall (0 to 499 mm) yielded
a 67% accuracy in assigning taxa to xeric or mesic environ-
ments on the basis of root phenotypes. In this model, taxa
from the driest environments were effectively differentiated
from taxa from the wettest environments by LD1 (Figure 7A),
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FIGURE 3

Genetic variation of metaxylem vessel number (a, b) and metaxylem vessel area (c, d) of Phaseolus species and comparison

between wild (n = 30) and domesticated (n = 5) taxa (b, d) in the greenhouse. Data shown are means + standard error. Means are the average of four

replications and means with the same letters are not significantly different (p <.05)

which was most strongly influenced by adventitious branch-
ing, primary root length, root hair length, and root total cross
sectional area (Table 5). Comparison of root phenes across all
five rainfall bins using ANOVA and Tukey HSD suggested
that taxa from some drier environments tended to have greater
branching of basal roots, longer and thicker primary roots
with greater xylem vessel area, and greater hydraulic conduc-
tance than taxa from some wetter environments (Figure 7).
Phaseolus species from extremely dry climates have fewer
adventitious roots than those from moderately dry climates.

Comparison of root phenotypes across latitude bins using
ANOVA and Tukey HSD indicated that taxa from environ-
ments in the southern hemisphere (24°S to 5°S) had a low
density of longer root hairs, longer and highly branched pri-
mary, basal and adventitious roots, a large number of basal
roots, and a large hydraulic conductance capacity compared
with temperate climatic zones in the northern hemisphere
(Supplemental Figure S2). Those taxa coming from the more
temperate climatic zone in the northern hemisphere had
thicker, shorter roots with few laterals, few root hairs, shal-
low root growth angle, and smaller hydraulic conductance
(Supplemental Figure S2).

4 | DISCUSSION

The present study provides a comprehensive representation of
phenotypic variation for root architecture and anatomy in wild
and domesticated accessions across diverse taxa of Phaseolus.
We observed wide variation for root architectural and anatom-
ical phenotypes within and among Phaseolus species, and
specifically between wild and domesticated Phaseolus taxa
(Figures 1, 2, 3, 4). In addition, geographic origin has large
effects on root phenotypes within Phaseolus taxa (Tables 2, 3
Figures 5, 6, 7; Supplemental Figure S2). We noticed dis-
tinct aggregation of phenotypes among taxa from different
origins (Figure 5). Considerable root phenotypic variation
among Phaseolus taxa is expected considering the distribu-
tion of these accessions across a wide range of latitudes,
precipitation patterns, and soil taxa. Population-specific vari-
ation for root architecture has been previously reported within
Phaseolus vulgaris (Jochua et al., 2020; Strock et al., 2019b)
and similarly, region-specific differences in root anatomy
and architecture among this broader panel of taxa likely
reflect adaptations to each species’ endemic environment.
Just as there are distinct differences in shoot morphology,
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FIGURE 4 Genetic variation of total cross-section area (TCSA) and hydraulic conductance among 31 taxa (a, ¢) of Phaseolus species and

comparison between wild (n = 30) and domesticated (n = 5) taxa (b, d) in the greenhouse. Data shown are means +/- standard error. Means are the

average of four replications and means with the same letters are not significantly different (p < .05)

phenology, and molecular characteristics across these taxa,
variation in root phenotypes would have emerged due to geo-
graphic separation of these groups and maintained over time
by the self-pollinating nature of these species.

The divergence in spatiotemporal availability of soil
resources across the geographic distribution of the Phaseolus
genus results in tradeoffs in the value of root phenotypes that
modify root system depth. Consequently, the observed vari-
ation in root phenotypes and foraging strategies across these
taxa is likely driven by variability in growth limiting resources
across environments. Root phenotypes that encourage shallow
soil foraging reduce acquisition of resources that may exist in
deeper regions of the soil profile and vice versa. For exam-
ple, while shallow root systems are adaptive for taxa from
environments limited by phosphorus availability or regions
with sparse, intermittent rainfall, the distribution of roots in
shallow soil domains would be detrimental to taxa from envi-
ronments with terminal drought, leaching of key nutrients,
or temperature extremes (Lynch, 2018). Therefore, preferen-
tial allocation to either shallow or deep root classes, coupled
with positive feedback between root growth, soil exploration,
and resource acquisition, can result in root phenotypes which
tend to focus on either shallow or deep soil exploration

(Burridge et al., 2020; Strock et al., 2019b). Although this
strategy may be ideal in environments either predominately
limited by either shallow or deeply distributed resources,
it may be less optimum in environments with multiple
constraints.

Because edaphic conditions in agronomically managed
fields lie in sharp contrast with those of natural environ-
ments, root phenotypes that enhance acquisition of limiting
resources in native soils are likely to be distinct from root
phenotypes which optimize productivity in high input envi-
ronments (Lynch, 2018; Lynch et al., 2021). Although many
breeding programs make selections and develop new culti-
vars under well irrigated, highly fertilized conditions, wild
taxa are subject to natural selection under multiple stresses,
experience competition from a diversity of other species,
and exist in soils with heterogeneous resource distribution.
Consequently, as we observe in the present survey of root
architecture and anatomy, wild taxa express novel root phe-
notypic variation and represent an excellent source of genetic
material for breeding programs focused on the development
of efficient, resilient crops.

We observed large differences in basal root number, basal
root whorl number, and taproot length between domesticated
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TABLE 2

Allometric comparisons of correlations between plant biomass and root phenotypes for wild and domesticated species.

Advantageous root number (ARN), basal root number (BRN), basal root whorl number (BRWN), basal root branching (BRB), basal root length
(BRL), basal root growth angle (BRGA), root hair density (RHD), root hair length (RHL), total cross-sectional area (TCSA), metaxylem vessel area

(XVA), dry shoot biomass metaxylem vessel number (XVN), and Hydraulic conductance (Hydraulic Cond) were measured from the greenhouse

(7 wk). Adjusted coefficient of determination (R?), intercept (Int.), scaling coefficient (ar), and p value (p) for the regression line are shown and

significant relationship at p < .05

Wild Domesticated
Phene R? Int. o p R? Int. o p
ARN .08##* -0.24 1.51 <.001%*** .07 0.42 0.87 <.05*
BRN A2HEH -0.93 1.75 <.001*** .02 2.05 0.47 NSt
BRWN 36%F* -1.12 3.42 <.007##* .08 2.5 0.52 NS
BRB 2% -1.1 2.11 <.01%** 32% —2.03 1.55 <.001%*%*
BRL 45%* —-1.23 1.87 <.01%* BOF** -3.49 1.47 <.001%%*
BRGA A1 —2.12 1.23 NS 17 —2.88 1.48 <.01**
Taproot length O2F** 6.6 2.24 <.001%** 28 2.25 0.22 NS
Taproot branch 23%* —-3.23 1.32 <.01%* 4Ok —4.5 2.44 <.001%**
Taproot diameter L0457 332 -1.1 <.01%* .028%* 2.19 —-0.12 NS
RHD -.03 2.5 —-0.11 NS .33 3.03 0.02 NS
RHL 30%%* —0.76 6.21 <.001%** 13 2.66 1.15 <.05%
TCSA A7 0.87 1.16 <.01%* .55 2.16 0.98 <.05*
XVA 4OFF* 1.08 13.2 <.001#** .001 3.01 1.71 NS
XVN ) 1.42 1.06 <.001**%* .29 2.87 0.09 <.05%
Hydraulic Cond 52%** 5.5 0.54 <.001%** 63k 291 0.14 <.001%%*

*Significant at the .05 probability level. **Significant at the .01 probability level. ***Significant at the .001 probability level. TNS, nonsignificant.

and wild taxa, likely reflective of significant differences in
soil resource availability and distribution between agricul-
turally managed and native soils (Figure 1). Wild taxa of
Phaseolus have fewer basal roots and whorls compared with
domesticated taxa (Figure 1, Table S2). In P. vulgaris and
P. acutifolius, fewer basal roots have been associated with a
deeper foraging strategy (Burridge et al., 2020; Strock et al.,
2021). Because wild bean typically grows in regions where
rainfall averages between 500 to 1,850 mm yr‘l and there
may be little precipitation occurring after the plants flower, it
is logical that some of the wild beans evaluated in the present
study would have root systems that are adapted to seasonal
drought (Debouck, 1989, 2000; Freytag & Debouck, 2002;
Gentry, 1969). A study by Berny-Mier y Teran et al. (2019)
found that wild accessions of the Mesoamerican gene pool in
Phaseolus vulgaris were more drought tolerant than domes-
ticated accessions from this same gene pool. Similarly, our
observations of root architecture suggest that water is likely
a key limitation for wild accessions in native soils and con-
sequently, many wild Phaseolus taxa have a deeper foraging
strategy that is adaptive to the acquisition of subsoil resources
such as water.

In addition to root architectural phenotypes that are bet-
ter suited for dry environments, wild bean taxa tend to have
anatomical phenotypes that are more adapted to water-limited

conditions compared with domesticated accessions. Specifi-
cally, many of the wild accessions generally display reduced
metaxylem vessel number, metaxylem vessel area, and total
cross-sectional area compared with the few domesticated
varieties evaluated (Supplemental Table S2; Figures 3, 4).
Under water-limited conditions, small-diameter metaxylem
vessels would reduce the hydraulic conductance per vessel
and may increase water use efficiency through a strategy of
soil water banking, where a “low conductance” anatomy phe-
notype meters water extraction from the drying soil, thereby
moderating desiccation of root tips and the surrounding rhi-
zosphere for sustained soil exploration and water capture later
in the season (Manschadi et al., 2006; Palta et al., 2011;
Richards & Passioura, 1989; Vadez, 2014). The smaller xylem
vessels in wild taxa would also be a benefit for roots in drier
soils where negative tension on xylem vessels can be severe,
leaving large diameter vessels more vulnerable than narrow
vessels to dysfunction through cavitation (Hacke & Sperry,
2001; Tyree et al., 1994). In perennial dicot species, this
hydraulic failure typically occurs in the roots, where xylem
vessels are wider and longer than in shoots (Hacke & Sperry,
2001; Nobel & Jordan, 1983; Pockman & Sperry, 2000;
Sperry & Ikeda, 1997; Sperry & Saliendra, 1994). In contrast,
root anatomy with large diameter xylem vessels are gener-
ally adaptive in humid environments with sufficient water
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Biplot showing the distributions of origins across the first two principal components determined from a principal component

analysis (PCA) of root phene evaluated in 51 taxa originating from North to South America. Plot shows separation of origins on the basis of root

phenes. Root phenes include adventitious root number (ARN), adventitious root length (ARL), adventitious branching (AB), basal root number
(BRN), basal branching (BRB), basal root length (BRL), basal root growth angle (BRGA), primary root length (PRL), primary branching (PRB),
primary root diameter (diameter), root hair density (RHD), root hair length (RHL), xylem vessel area (XVA), xylem vessel number (XVN), hydraulic

conductance (HydraulicCond), and root total cross sectional area (TCSA). Nyrg = 1, Ngor. = 2, Neop, = 1, Negp = 6, Ngv = 6, Nypx = 29,
Npgr = 3, Nyga = 4. Origins include Argentina (ARG), Bolivia (BOL), Colombia (COL), Costa Rica (CRI), Guatemala (GTM), Mexico (MEX),

Peru (PER), and the United States (USA)

availability and low risk of cavitation, allowing for maximum
water and nutrient transport to support growth (Comas et al.,
2013; Purushothaman et al., 2013; Strock et al., 2021; Tyree
et al., 1994).

Although a reduced capacity for hydraulic conductance in
many wild taxa can serve a soil water banking strategy for
improved tolerance to drought, a few wild accessions from
the driest environments had thicker roots with greater capac-
ity for transport of water (Table 3). Phaseolus acutifolius is an
example of a species endemic to dry regions and has the great-
est metaxylem vessel number and area of all taxa surveyed
(Figure 3, Table S4). In species like P. acutifolius, thick roots
with large hydraulic conductance likely integrate with a deep
distribution of root length to facilitate utilization of abundant
water reserves at depth. Although xylem morphology affects
the transport of water through the plant, access to water is
dependent upon the distribution of roots throughout the soil
profile, and consequently, xylem phenotypes have been shown
to integrate with root architecture to affect water use strategies
(Strock et al., 2021). Specifically, in Phaseolus acutifolius, a
thick taproot with high conductance root anatomy integrates

with root architecture that promotes deep distribution of root
length in a strategy to exploit water reserves deep in the soil
profile (Strock et al., 2021).

In contrast to these more traditional perspectives on the
relationship between xylem vessels and water transport,
recent work has suggested that xylem vessel vulnerability to
cavitation is not the primary constraint on transpiration under
drought, but rather the loss in soil hydraulic conductivity of
the rhizosphere (Carminati & Javaux, 2020). In this context,
the greater root hair length and density in some accessions
may improve root to soil contact and promote continued water
acquisition in drying soils (Carminati et al., 2017). Never-
theless, among the taxa surveyed in this work, rainfall was
positively correlated with root hair length (Table 3). This trend
might be explained by areas with greater precipitation being
associated with more weathered, infertile soils. In environ-
ments with heavy rainfall, the loss of nutrients from surface
runoff and leaching often serve as a major limitation to soil
health (Yao et al., 2021). It has been shown that Phaseolus
accessions with longer, denser root hairs have enhanced phos-
phorus acquisition in phosphorus deficient soil, and many of
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FIGURE 6 (a) Three-dimensional pseudo-principal component analysis (PCA) plot showing how clusters effectively separate from one
another across the first three principal components. (b) Plot of residuals from Pearson’s x> test of the distributions of origins across clusters. Origins
include Argentina (ARG), Bolivia (BOL), Colombia (COL), Costa Rica (CRI), Guatemala (GTM), Mexico (MEX), Peru (PER), and the United
States (USA). Positive residuals in blue and negative residuals in red specify a positive and negative association, respectively, between a given origin
and cluster. (c-h) Violin plots showing the median, interquartile range, 95% confidence intervals, and frequency of root phenes that are significantly
different between clusters. For each phene, comparisons are made across the three clusters n; =72, n, = 120, and n; = 286. Means within each panel
with the same letter are not significantly different at o < .05 as determined by Tukey’s honestly significant difference test
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FIGURE 7

(a) Density plot showing the variation in discriminant function values for taxa coming from xeric environments (0—499 mm rainfall

bin) and taxa coming from mesic environments (2,000+ mm rainfall bin). (b—g) Violin plots showing the median, interquartile range, 95%

confidence intervals, and frequency of root phenes within all five rainfall bins. For each phene, comparisons are made across the five rainfall bins

N 499 = 88, Nspg 999 = 160, and 0y g0 1 499 = 64, Ny 500.1.999 = 56, Ny g0, = 40. Means within each panel with the same letter are not significantly

different at o < .05 as determined by Tukey’s honestly significant difference test

the species displaying long root hair phenotypes are endemic
to regions with soils that are volcanic in origin with inher-
ently low phosphorus availability (Singh Gahoonia & Nielsen,
2004; Lynch, 2011).

Interestingly, the expression of root hair density and length
differed between the greenhouse and roll-ups (Table 1), likely
due to both environmental and developmental influences.

Although the growth conditions were controlled in each envi-
ronment, differences in the age of roots as well as other abiotic
factors such as nutrient availability, moisture content, and
mechanical damage during the washing process may influ-
ence root hair phenotypes (Nestler et al., 2016; Burak et al.,
2021). Contrastingly, the number of basal roots and whorls
were stable between measurements in seedlings and mature
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TABLE 3 Pearson’s correlation coefficients () of adventitious
root number (ARN), basal root number (BRN), basal root length
(BRL), basal root whorl number (BRWN), root hair density (RHD),
root hair length (RHL), primary root length (PRL), taproot branching
density (Tap RB), basal root growth angle (BRGA), dry shoot biomass,
total cross-sectional area (TCSA), metaxylem vessel area (XVA),
metaxylem vessel number (XVN), and Hydraulic conductance
(Hydraulic Cond) with rainfall and latitude. Root phenotypes measured
in the greenhouse (7 wk after planting) on all taxa studied

Phene Rainfall Latitude
ARN —.01 nsf —.33%
BRN —.09 ns —.19%
BRB —.12 ns —.25%
BRL 24% —.23%
BRWN —.06 ns —.17*
RHD —.13 ns 13 ns
RHL —.12ns —.15%
PRL —.15% —.17*
Tap RB —.05 ns —.25%
BRGA .06 ns -.17*
Biomass —.26% —.14%
TCSA —.16% .04 ns
XVA —.13* .08 ns
XVN —.17* A1
Hydraulic Cond. —.12% 15%

*Significant at the .05 probability level. Tns, nonsignificant.

plants, and Spearman rank correlations demonstrated that
environment did not substantially alter the ranking of basal
root number and basal root whorls among entries (Table 1).
These results parallel previous reports of stability for
measurements for basal roots measured in seedlings and
mature plants grown in the field (Strock et al., 2019b), and
that basal root number is not affected by soil variability
(Miguel et al., 2013). Phenes like basal root number that
can be observed early in plant development and are stable
across environments would serve as excellent targets for direct
phenotypic selection as phenotyping seedlings can be high
throughput and require little investment of labor and resources
compared with phenotyping mature, field-grown plants (Zhu
et al., 2005; Vieira et al., 2007; Nestler et al., 2016; Strock
et al., 2019b).

Although these relationships between individual root
phenes are notable, broader understanding of soil foraging
strategies is more appropriately conceptualized as the interac-
tion among multiple root phenes that constitute an integrated
root phenotype (York et al., 2013). These taxa exhibit dis-
tinct combinations of root phenes that may afford some
specific ecological adaptation across their geographic distri-

bution. Although trends in root phenotypes between the five
rainfall groups were not always statistically detectable from
comparisons using Tukey HSD (Figure 7b-g), LDA models
suggested that taxa from the driest environments tended to
have fewer adventitious roots, greater root branching, longer
and thicker primary roots with greater xylem vessel area,
and higher hydraulic conductance than taxa from wetter envi-
ronments (Figure 7a, Table 5). As adventitious root number
(Miller et al., 2003; Ochoa et al., 2006; Walk et al., 2006;
Rangarajan et al., 2018), and root branching density (Ran-
garajan et al., 2018) have been shown to modify the depth
of soil foraging, this model suggests that the integration
of deep root architecture combined with high conduc-
tance anatomy may benefit annual dicots in drought prone
environments.

Additionally, consideration of multiple root phenes in the
principal component analyses showed that most of the vari-
ability across the taxa was in root branching density and root
anatomy phenes (Figure 5, Table 4) and taxa from different
origins could be differentiated by these phenotypes (Figures 5,
6b). Specifically, taxa from Argentina, Colombia, Costa Rica,
and Guatemala had root systems with denser root hairs, and
thicker taproots with xylem features producing high conduc-
tance in comparison to taxa from Bolivia and the United States
(Figure 5). These taxa from Central and South America are
likely more adapted to drought and low fertility soils than
accessions from Bolivia and the United States.

Unsupervised cluster analysis grouped taxa from differ-
ent geographic regions by their aggregate root phenotype
(Figure 6). Cluster 2 composed mostly of taxa from Bolivia
and the United States had xylem features with low hydraulic
conductance and moderate root hair phenotypes, whereas
Clusters 1 and 3 representing taxa from other regions of South
and Central America had high hydraulic conductance and
dense root hairs (Figure 6). The effective separation of taxa
from different regions through unsupervised cluster analysis
of their root phenotypes indicates a common strategy for soil
resource foraging within these groups that may be related to
their endemic environment.

The observed differences in root phenotypes between
taxa and accessions from diverse geographic region provide
further support for the theory that there is no single root
phenotype that can be optimally adaptive across many envi-
ronments (Dathe et al., 2016; Rangarajan et al., 2018; Strock
etal., 2019b). The extent of variation that observed within and
across taxa from similar environments supports the concept
that different combinations of root phenotypes can achieve
similar strategies for resource acquisition for a given environ-
ment. This has been previously exemplified through in silico
work, where several root architectural phenotypes have been
shown to similarly generate optimal fitness outcomes under P
and N limitation (Dathe et al., 2016; Rangarajan et al., 2018).
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TABLE 4 Loading scores for each root phene across the first three principal components (PC) used in K-means cluster analysis

Adv. root number

Adyv. root length

Adyv. branching

Basal root number
Basal branching

Basal root length
Primary root length
Primary branching
Basal root growth angle
Primary root diameter
Root hair density

Root hair length
Xylem vessel area
Xylem vessel number
Hydraulic conductance

TCSA

PC1
—0.12618226
—0.29014353
—-0.22907279
—0.25440257
—0.32951748
—0.34374613
—0.27621691
—0.31752596
—0.21068899
0.11196263
—0.02244077
—0.16178317
—-0.30767265
—0.27512867
—0.25022230
—0.24953109

PC2 PC3
—0.419751817 —0.11927774
—0.222135145 —0.21426281
—0.215526653 —0.27541726
0.078936342 0.47145919
—0.117681309 0.01786464
—0.001904915 0.26701491
0.060216293 0.39516016
—0.114224008 0.10015844
—0.249899678 0.10258096
0.334307178 0.34432447
0.133453361 —0.31814212
—0.285079135 0.09762570
0.345841162 —0.20078381
0.343285517 —0.22938767
0.159195539 —0.25162519
0.393917166 —0.08866231

Note. Adv., advantageous; TCSA, total cross-sectional area.

TABLE 5 Coefficients for each root phene across the first linear
discriminant in an analysis that was performed on groups of taxa from
environments with similar annual rainfall

LD1
Adyv. root number 0.44925712
Adv. root length —0.34912466
Adyv. branching 1.29102781
Basal root number —0.38622493
Basal branching —0.31579721
Basal root length —0.51270533
Primary root length —1.11475691
Primary branching 0.49437909
Basal root growth angle 0.64109668
Primary root diameter —0.04734793
Root hair density —0.77035164
Root hair length —1.73424963
Xylem vessel area 0.66911703
Xylem vessel number —0.28186929
Hydraulic conductance 0.16611447
TCSA —2.05066082

Note. Taxa were binned by being endemic to areas with greatest annual rain-
fall (2,000+ mm) and areas with the least annual rainfall (0 to 499 mm). Adyv.,
advantageous; TCSA, total cross-sectional area.

S | CONCLUSIONS

Understanding anatomical and architectural root phenotypes,
and their interactions with each other and the environment
will support the development of improved crop cultivars

with enhanced water and nutrient acquisition. These results
go beyond the conclusions of previous reports on root phe-
notyping not only by demonstrating taxonomic differences
in individual root phenes, but by considering the broader
soil foraging strategies of integrated root phenotypes among
Phaseolus taxa. Our results reveal that substantial variation
for root phenotypes exists among and within Phaseolus taxa,
notably for phenes such as basal root number, basal root whorl
number, root hair length, root hair density, metaxylem ves-
sel number, and total cross-sectional area. Wild taxa display
greater genetic variation for root architecture and anatomy
and possess desirable phenotypes that are either not found
or are not sufficiently expressed in domesticated accessions.
Consequently, wild taxa represent an important resource for
breeding programs to improve abiotic stress tolerance. Even
where directly introgressing wild accessions with modern cul-
tivars is challenging, the identification of phenotypes that
confer tolerance to abiotic stress in this exotic material is help-
ful in developing breeding ideotypes. Root phenotypes were
also associated with the environment in the region of ori-
gin, suggesting that they have adaptive value. We speculate
that significant variation in root phenotypes across different
Phaseolus species is related to their abiotic stress tolerance
and are valuable for breeding programs focused on improv-
ing edaphic stress tolerance. Given that root architectural and
anatomical phenotypes appear to be a defining characteris-
tic of different taxa, further elucidation of various strategies
from root phene aggregates would be a prime topic for tar-
geted physiological studies, as well as genomic approaches
with larger panels of domesticated and wild accessions. Addi-
tionally, genomic studies with both domesticated and wild
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populations of Phaseolus would be useful in further eluci-
dating the evolution of the observed phenotypic variation in
groups and geographic regions.
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